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Abstract—The Superconducting Magnet Group at Lawrene
Berkeley National Laboratory (LBNL) has been develping
technology for high field accelerator magnets from brittle
conductors. HD1 is a single bore block dipole magt using two,

double-layer Ni;Sn flat racetrack coils. The magnet was tested in

October 2003 and reached a bore peak field of 16 ©4.5% of
short sample). The average quench current plateaupgeared to
be limited by “stick slip” conductor motions. Diagnostics
recorded quench origins and preload distributions. Cumulative
deformation of the mechanical structure has been derved.
Quench velocity in different field regions has beemeasured and
compared with model predictions. The results obtaied during
the HD1 test are presented and discussed.

Index Terms— NbsSn superconducting dipole, quench origin,
guench propagation, quench protection.

I. INTRODUCTION

HDl was designed, manufactured and tested at LBNL ?

part of the R&D program on high field magnets et
generation particle accelerators. The magnet, z5iNldipole
with two double-layer flat racetrack coils, wastéeisfor the
first time in October 2003 and reached a bore (fieédk of 16
T (94.5% of the calculated short sample limit assgmo
degradation due to cabling or stress effects). aherage
calculated pre-stress on the brittle conductor5§ MPa. A
second test in a different pre-stress configuratiwas
performed in May 2004 (HD1b) [1].

A first report of the test results has been presipu

presented [2]. This paper is reporting further datelysis

results on the quench origin and pre-stress distributio

cumulative deformation of the mechanical structugeench
velocity and quench protection.

Il. MAGNET FEATURES ANDTESTSET UP

The cross-section of HD1 is shown in Fig. 1. Dsetaih the
mechanical structure, design, manufacturing anddector,
have been previously presented [3]. It is relexantnention
that HD1 was assembled with a 3D pre-stress caorafigun
using key and bladder technology and axial alumirroats.
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Fig. 1. HD1 cross section.

The axial pre-stress was necessary to constraigdhéductor
displacements in the ends due to longitudinal Lizréorces.
The Rutherford cable (1.36 x 15.75 Ryis composed of 36
.8 mm diameter strands and is insulated withaSsgsleeve.
e cable was wound around the iron pole in a doldjer
configuration, heat treated and impregnated [3]e THeat
treatment resulted in a measured RRR of 15 ar8000
Almn? @ 12T and 4.2K.

Quench origins and propagation were detected usihg
voltage taps per layer. The voltage tap pairs weoated
strategically to monitor, in particular, the layéo layer
transition and the turns next to the mechanicalictire
(island, spacers, horse shoe).

The stored energy is 0.45 MJ at short sample. Tagnet
was actively protected by laminated quench hedtemvoid

rPigh local peak temperatures and high internaledsffitial

€lectrical potential during quench. Each coil layess
equipped with a 0.3 ohm quench heater, impregnated
contact with the coil, which covered 65% of thention both
sides of the winding island. The heater elemergsnaade of
~23 um thick Stainless Steel press-glued on a p26Kapton
sheet for electrical insulation. A dump resistoswa&ailable to
facilitate current decay and adjusted to keep tbdage
between the magnet leads below 500 V. Fig. 2 showesof
the two outer layers, the quench heater and theltdge tap
trace (the 2 voltage taps across the splice arshwtn).
Constantan temperature compensated strain gauges we

used to monitor the mechanical structure straggstrduring
assembly, cool down, Lorentz force loading and wanm
Nine half-bridge type strain gauges were used altmg
azimuthal and axial direction on the aluminum slagitl one
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Fig. 2. Coil module outer layer. The inner lay®rai mirror image of
the outer layer and the voltage tap turn numbemisal to the outer
layer voltage tap turn number plus one (the inagell has one turn

full-bridge type gauge on 2 of the 4 axial alumintods.

[ll. QUENCHPERFORMANCE

A. Training
The training characteristic of HD1 at 4.5 K is simow Fig.
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Fig. 3. HD1 training curve at 4.5 K.

3. Training considerations are presented in [1, 2].

Several fast flux changes were recorded while ragpie
current. Among those, some “low frequency” flux edmces
[1] triggered the quench protection system at cusr@s high
as 8.6 kA (ramp #3). An imbalance detection thréklod 1.5
V was needed to avoid tripping on such non-tramsiti
spurious events.

B. Quench Origin

Each voltage tap pair signal was monitored throwagh
calibrated derivative amplifier and sampled at 2kH

Fig. 4 shows a dV/dt signal developing at quentseg and
one of the two quench fronts escaping the nextcadfa
voltage tap after a few ms. In most cases, the d¢iffilight was
clearly identified because it was smaller than therent
extraction delay and the time needed to initiatstridiuted
guench with the quench heaters (only for the lagb t
guenches, ramp #41 and #42, tbendition did not occur).
The quench origin was thus determined using a tifriéight
technique [4]. The dV/dt signal was analyzed toaobthe
guench velocity, as described in the following ®egt and
then multiplied by the time of flight to computeetlocation of
the quench origin from the voltage tap.

Fig. 5 shows a detailed quench origin map. The &G
training quenches originated at the ends, 15 ahthext to the
return end spacer, 3 next to the lead end spacdr? aext to
the pole in the return end. When the quench origahaext to
the return end spacer, the inner and outer layaenahed
within 5ms of each other (Fig. 4), and ~10% of thmes
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simultaneously. The quench origin moved to the mbiaight
section at ramp #28. The last 2 quenches, followamp rate
studies [2], originated in the pole on the oppositie of the
ramp.

A large number of quenches originated in the elmis field

region), and in the turn adjacent to the outeram@fof the



spacer. Mechanical analysis shows a gap openini dipis

94% of short sample in the pole straight sectiondr layer),

area between conductor and spacer during Lorentze fo and in the return end inner and outer layer, ipeetively 14.6

loading [5]. Furthermore, for most of the quenchéat
originated in the ends, diagnostics recorded “Higlquency”

fast flux imbalances [6] a fraction of ms beforeeqoh onset.

Both facts are consistent with an axial slippageadeating
mechanism for the quenches originating at the ehds.yet
unclear why the majority of the quenches, whiclgiodted in
the ends, occurred in the return end side.

A pressure sensitive paper test was performed afégnet
warm up and disassembly to check preload distobutirhe
“Fuji” paper trace revealed non-uniformity with a@awer
preload in the straight section, around the areerevimost of
the straight section quenches occurred [5].

IV. QUENCHPROPAGATION

At quench onset the dV/dt signal showed the
transition “spike” of less than 2 ms duration, atien a
slightly increasing value due to resistivity riseithw
temperature (Fig. 4). The longitudinal quench vijoevas
evaluated using the dV/dt value right after thendron
“spike”. A constant current and temperature wasiragsl for
this stage. The value used for the Cu resisti\styhie value

measured during magnet warm up at the transitiod a

adjusted (for magneto resistance effects) based than
calculated magnetic field in the conductor at qhemaset.

The measurements are compared with the veloci

calculated using an analytical adiabatic model THe model
uses density, thermal conductivity and specifict vegighted

T,12.5 T and 11.6 T. The calculations show a depaifrom
the measurements increasing with quench currente Th
departure is more evident for the pole straightisec

V. QUENCHPROTECTION

The delay of theprotection heaters from the quench
detection was set to a standard time of 10 ms kedurrent
extraction delay was set to 40 ms. This choice wwas
compromise between quench propagation analysisregghet
protection issues. The quench heaters were powayetvo
independent power supplies for redundancy. Eachobribe
power supplies was connected to the quench he@essries)
in electrically non-adjacent coil layers. This a®iimits the

initignternal peak voltage in case of failure of onehef two power

supplies.

The peak temperature has been evaluated afterggecith.
With the standard protection systems delays, thasored
MIITS ranged from 5.30x10 A%sec to 7.23x10 A%ec
depending on quench propagation, quench currengjaedch
detection delay. At ramp #33, 34 and 35, the ptmtedeater
delay was progressively increased until they weoevgred
long after the current extraction; the extractiatagt was still

0 ms.
ty Table 1 summarizes some quench protection parasrieter
the two different conditions: quench heaters podeévefore
extraction and after extraction.

over the Cu, N§Sn and epoxy content in the cable; the current 1h€ Peak temperature in function of the MITS was

density is computed over the Cu area in the cadté, the
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Fig. 6. Longitudinal quench velocity, measured aaltulated

resistivity is the Cu resistivity for a RRR of 18t the
calculated magnetic field where the quenciginated.All the
material properties are at the average temperéaitgeen T

evaluated, considering the heat balance of a wiiinve of
winding in adiabatic conditions using the progratdENCH
[7]. The maximum peak temperature was 119 K. Thakpe
temperature differs by 18 % when the quench heaess
powered before extraction and after extraction.

QUENCH PARAMETERS FORDlF;T?BELr\IJETlQUENCH PROTECTIONSETTINGS
Quench I.D. [Ramp #] #15 #32 #34 # 35
Protection Heaters Delay [ms] 16 16 74 105
Current Extraction Delay [ms] 50 50 50 45
MIITS D[10° A? sec] 723 685 885 881
T peak? [K] 105 101 119 119
InternalAVmax® at Extraction [V] 130 125 150 150

®Measured@Calculated.

VI. RESIDUAL STRAIN OF THE MECHANICAL STRUCTURE
The azimuthal stress in the aluminum shell and ahial

and T (critical temperature and temperature of currenitress in the aluminum rods increased significashtiyng cool
sharing). The T, and Ts are computed applying Summer'sdown (90 MPa in the shell and 135 MPa in the rods).

parameterization [8] to the current density and madig field
in the conductor at quench onset.

The measured and calculated quench velocity is shaw

Fig. 6 as a function of the quench current for ezmhregion
where quenches originated. The calculated magfieti at
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Fig. 7. Strain variation during Lorentz force loagliand after unloading.

Fig. 7 shows the strain response in the aluminuial asds

little residual deformation (or none) occurs aftiil back”
guenches or current ramps.

This phenomenon suggests that, after Lorentz force
unloading, the coil might be in a tension straisgéatus in the
axial direction and in a compression strained stétuthe x
direction. The results of related further experiteenade with
NbsSn sub-scale coils equipped with strain gauges are
discussed in [10].

VII.

The HD1 test results, in line with the mechaniaalysis,
suggest that the coils were not adequately suppaitng the
axial direction. Furthermore, a normal pre-stressn-n
uniformity, with low pre-stress regions along thagnet axis,
seemed to be the cause of the straight sectioarrggemature
guenching. Both problems have been addressed veditend
HD1b preload configuration. It is still not cleahywmost of

CONCLUSIONS

during and after a current ramp. Comparisons betweg,e end quenches occurred in the return end side.

measurements and calculations are discussed in Tk
particular ramp (#3) was the first above 2 kA amdguench
occurred (the current extraction was triggered bylcav
frequency” flux imbalance). After the Lorentz foreanishes,
the strain in the mechanical structure is measurede
different than the original unloaded condition. Avsjiive
residual strain is measured for the axial rods, antkgative
one is measured for the shell (not shown).

The phenomenon has been investigated for all theemiu
ramps and the results are summarized in Fig. 8.

Cumulative residual
structure, in the axial direction, has been preslpwobserved
in some SSC magnets [9], yet the cause is not fuitlerstood.

The peak temperature calculated in adiabatic ciomdit
from the MIITS measurements never exceeded 119 K.

The longitudinal quench velocity measured in défar
magnetic field regions and at different quench ents, up to
94.5% of short sample, ranges from 7.0 m/s to 885

A 3D cumulative residual deformation of the struetu
during training, increased the strain in the axads ~90ue
and decreased the azimuthal strain in the shelje50
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